Introduction {#sec1}
============

Gene therapy is experiencing a renaissance.[@bib1] Current viral vector technologies enable persistent expression of transgenes using *in vivo* and *ex vivo* gene delivery protocols. This has led to successful clinical trials that have paved the way for the market approval of gene therapy products in Europe to treat hereditary diseases.[@bib2] At a critical time when gene therapy transitions from the bench to the clinic, there are still key points to be addressed.

The first is efficacy, especially in disease-modifying approaches to treat complex diseases. For example, the neurturin (NTN) gene therapy clinical trials for Parkinson's disease (PD) showed that the approach was safe both in phase 1 and phase 2 clinical trials, yet it failed to meet the primary endpoints at the phase 2 clinical trial.[@bib3], [@bib4], [@bib5] We now know that there was very limited distribution of NTN in the brain of patients. In addition, the patients had very advanced PD and may not have been responsive to a neurotrophic factor therapy that is aimed at rescuing the pathology at an earlier time point. With the emergence of better delivery methods[@bib6] and novel viral vectors with enhanced distribution,[@bib7] it will be possible to ensure that the target area is effectively transduced. Provided that a sufficient safety profile for gene therapy approaches can be established, it will soon be possible to design trials containing patient cohorts that are at an earlier disease stage and, therefore, more amenable to disease-modifying gene therapies.

Another hurdle to overcome is lack of regulation of transgene expression in transduced cells and tissues. Current viral vectors used in clinical trials are designed to have strong constitutive promoters resulting in long-term supraphysiological expression of transgenes. Once the viral vector is delivered, barring ablative surgery, it is not possible to adjust or stop transgene expression. This can be addressed by using an inducible system to regulate gene expression. However, none of the existing gene inducible systems has been approved for clinical applications.[@bib8]

The destabilizing domain (DD) degron technology developed by the Wandless lab showed great promise in regulating gene expression *in vivo*.[@bib9], [@bib10], [@bib11] The DD gene-inducible system regulates gene expression at a post-translational level. The transgene of interest is expressed as a fusion protein together with a coding sequence for a DD. When the transgene-DD fusion is expressed, the DD moiety will target the full fusion protein to proteasomal degradation. In the DD variant we use, addition of trimethoprim (TMP) will block proteasomal recognition, thus allowing the protein of interest to be stabilized.

Our group has previously adapted the DD technology to regulate glial-cell-line-derived neurotrophic factor (GDNF).[@bib9], [@bib10] The plethora of studies showing neuroprotective and neurorestorative effects of GDNF make this protein still one of the most promising therapeutic agents to treat PD.[@bib12], [@bib13] However, constitutive high levels of GDNF expression in the brain can cause considerable side effects.[@bib14], [@bib15] Thus, in order to avoid any side effects, GDNF expression needs to be localized and regulated, making it a very good candidate for preclinical testing of gene inducible systems.

We have previously shown that second-generation DD-regulated GDNF (GDNF-F-DD) was able to protect dopaminergic neurons when induced with TMP, and more importantly, no activation of GDNF signaling pathways was observed in the absence of TMP.[@bib10] Based on these promising results, we set out to perform preclinical validation of DD system regulation using GDNF-F-DD as a proof-of-principle molecule.

Results {#sec2}
=======

TMP Regulates GDNF-F-DD in a Dose-Dependent Manner {#sec2.1}
--------------------------------------------------

One of the desired features of an inducible gene expression system, including post-translational systems such as DD, is the ability to respond in a dose-dependent manner to the controlling drug. To determine whether GDNF-F-DD stability could be regulated in a dose-dependent manner by TMP, lentiviral vectors (LVs) expressing GDNF or GDNF-F-DD were delivered bilaterally to the striatum of Sprague-Dawley (SD) female rats. One extra group of animals was kept as an untransduced control group. Three days after LV delivery, the GDNF-F-DD group was subdivided into four treatment groups receiving drinking water containing 0.05 mg/mL, 0.1 mg/mL, 0.2 mg/mL, or 0.5 mg/mL TMP continuously in the drinking water. One subgroup of GDNF-F-DD animals was given regular drinking water and was used as an uninduced GDNF-F-DD control (OFF) group. Three weeks after LV delivery, the striata of animals were dissected, and each hemisphere was counted as an independent data point.

A GDNF ELISA of dissected striata ([Figure 1](#fig1){ref-type="fig"}A) indicated that wild-type GDNF used as a positive control was expressed at very high levels, reaching 3,153 ± 1,189 pg/mg. Untransduced animals had endogenous levels of GDNF averaging 3.7 ± 0.3 pg/mg, while the OFF animals had similar levels of GDNF, 5.0 ± 0.8 pg/mg. In the GDNF-F-DD animals receiving 0.05 mg/mL and 0.1 mg/mL TMP, the GDNF concentrations in the striatum increased to 22.4 ± 7.4 pg/mg and 15.45 ± 7.0 pg/mg, respectively. Induction of GDNF-F-DD reached a maximum concentration of 66.1 ± 9.8 pg/mg when the animals were given 0.2 mg/mL TMP. Giving animals 0.5 mg/mL TMP did not increase the GDNF concentration further, as in these animals, there was 64.8 ± 14.4 pg/mg of GDNF in the striatum. A one-way ANOVA of the untransduced and GDNF-F-DD groups indicated that there was a difference between groups, F = 12.04, p \< 0.0001. Post hoc analysis with a Tukey multiple comparison test indicated that there was no significant GDNF increase in the groups that received 0.05 mg/mL TMP and 0.1 mg/mL TMP when compared with the untransduced and OFF groups. However, there was a significant increase of GDNF concentration in the groups that received 0.2 and 0.5 mg/mL TMP when compared with the untransduced and OFF groups, 0.05 mg/mL TMP and 0.1 mg/mL TMP, respectively.Figure 1GDNF-F-DD Can Be Regulated in a Dose-Dependent Manner, Revert Rapidly to Basal Levels, and Be Induced Multiple Times *In Vivo* without Loss of EfficiencyLVs expressing GDNF-F-DD were delivered to the striatum of animals. One group of animals was given LV expressing GDNF, and another group of animals was untransduced (UT). After 2 days, the animals were given 0.05, 0.1, 0.2, or 0.5 mg/mL TMP continuously in the drinking water for 3 weeks. (A) GDNF ELISA was performed on striatum samples. (B) GDNF ELISA was performed in substantia nigra samples. A one-way ANOVA with Dunnett multiple comparison tests was performed (n = 4--6 per group). To determine the kinetics of the DD system *in vivo*, LVs expressing GDNF-F-DD were delivered to the right striatum of SD rats. The animals were given TMP (ON) for up to 5 weeks, and then the TMP was withdrawn and the animals given regular drinking water (OFF) for another 5 weeks. (C) Histological analysis and quantification of pRPS6 neurons were performed to determine how fast the DD system could be turned on and off (n = 3--5 per group). A similar experimental setup was used to determine whether the DD system could be induced multiple times. After LV GDNF-F-DD delivery, animals were divided into five groups. The first group was ON for 4 weeks (first induction). The second was ON for 4 weeks and OFF for 3 weeks. The next group of animals was induced 2 times, ON-OFF-ON (second induction). The following group was ON-OFF-ON-OFF. The last group was induced 3 times, ON-OFF-ON-OFF-ON (third induction). (D) Quantification of activated SNpc cells was performed in sections stained for pRPS6 (n = 4--5 per group). (E) Analysis of GDNF-F-DD expression was done using striatal sections stained for GDNF (n = 4--5 per group). The x axis indicates weeks after LV delivery (see also [Figure S1](#mmc1){ref-type="supplementary-material"}). A one-way ANOVA with Dunnett multiple comparison tests was performed. \*p ≤ 0.05; \*\*p ≤ 0.01; \*\*\*p ≤ 0.001. ns, not significant. Error bars represent mean ± SEM or mean + SEM.

Similarly, a GDNF ELISA of the substantia nigra (SN) ([Figure 1](#fig1){ref-type="fig"}B) indicated that the wild-type GDNF control group had very high levels of GDNF, 469.9 ± 101.1 pg/mg. The untransduced group had a basal level of GDNF of 2.2 ± 0.2 pg/mg, whereas the OFF group had 3.9 ± 0.4 pg/mg GDNF. There was, however, an increase in GDNF expression in the GDNF-F-DD animals that were given TMP. The subgroups that were given 0.05 mg/mL TMP and 0.1 mg/mL TMP had indistinguishable levels of 14.1 ± 3.5 mg/mL and 11.4 ± 4.0 mg/mL GDNF, respectively. Similar to the striatum, GDNF-F-DD, induction peaked in the subgroup that was given 0.2 mg/mL TMP, where it reached 26.0 ± 4.3 pg/mL GDNF. The subgroup that received 0.5 mg/mL TMP reached a GDNF concentration of 22.5 ± 4.5 mg/mL.

A one-way ANOVA comparing the untransduced and different GDNF-F-DD subgroups indicated a significant difference, F = 7.6, p \< 0.0001. Post hoc analysis using Tukey multiple comparison test indicated that there was a significant increase of GDNF when the untransduced or OFF animals were compared with the animals given 0.2 and 0.5 mg/mL TMP.

GDNF-F-DD Reverts Rapidly to Basal Levels and Can Be Induced Multiple Times *In Vivo* {#sec2.2}
-------------------------------------------------------------------------------------

The next step was to determine the kinetics of GDNF-F-DD stabilization. LVs expressing GDNF-F-DD were delivered to the right striatum of SD female rats. After LV delivery, the animals were randomized into groups, and all were given 0.2 mg/mL TMP in the drinking water. To assess the kinetics of GDNF-F-DD activation, groups of animals were euthanized 1, 2, 3, 4, and 5 weeks after LV delivery. To assess the kinetics of GDNF-F-DD deactivation, after 5 weeks of activation, animals were switched to regular drinking water and euthanized 1, 2, 3, 4, and 5 weeks after TMP withdrawal.

Brains of animals were processed for histology and stained for phosphorylated ribosomal S6 protein (pRPS6), a known marker for GDNF activity in substantia nigra pars compacta (SNpc) neurons.[@bib10], [@bib16], [@bib17] Histological analysis of pRPS6-positive cells ([Figures 1](#fig1){ref-type="fig"}C, [S1](#mmc1){ref-type="supplementary-material"}A, and S1B) in the injected side was quantified using the contralateral side as control. pRPS6 cell numbers indicated that 1 week after the start of TMP treatment, pRPS6 was still at basal levels, 105.8 ± 5.7%. GDNF-F-DD activation became noticeable at weeks 2 and 3 after activation of the system, with pRPS6 cell numbers reaching 151 ± 16.5% and 151.3 ± 25.6%, respectively. GDNF-F-DD activation reached its peak between weeks 4 (166.2 ± 14%) and 5 (165.8 ± 10.1%) after TMP treatment. However, once TMP was withdrawn, pRPS6 cell numbers decreased to basal levels quickly. One week after deactivation, the number of pRPS6 cells was already down to 97.2 ± 2.5%. From there on, pRPS6-positive cell numbers were 108.4 ± 4.1%, 101.0 ± 6.8%, 107.0 ± 7.3%, and 106.9 ± 7.9% for weeks 2, 3, 4, and 5 after deactivation, respectively.

A one-way ANOVA of pRPS6 cell number indicated statistically significant differences, F = 7.7, p \< 0.0001; and a post hoc analysis using Dunnett multiple comparisons between week 1 of activation and the remaining groups was then performed. There was a statistically significant increase in the number of pRPS6 cells in the left hemisphere from weeks 2--5 after activation. Interestingly, there was no statistically significant difference between week 1 of activation and weeks 1--5 after TMP withdrawal. These data suggest that the DD system has very rapid deactivation kinetics.

After knowing the induction kinetics for GDNF-F-DD, an experiment was designed to ascertain whether GDNF-F-DD was able to withstand multiple induction cycles. LVs expressing GDNF-F-DD were delivered to the right striatum of female SD rats. After LV injection, the animals were randomly distributed into five groups and given 0.2 mg/mL TMP. One group had one round of TMP induction (ON) as the animals were given TMP for 4 weeks. The second group was ON for 4 weeks, TMP was subsequently withdrawn, and the animals were given regular drinking water for 3 weeks (ON-OFF). The third group had 2 rounds of induction and one round of TMP withdrawal (ON-OFF-ON). The fourth group had 2 rounds of induction and 2 rounds of TMP withdrawal (ON-OFF-ON-OFF). Lastly, the fifth group had three rounds of induction and 2 rounds of TMP withdrawal (ON-OFF-ON-OFF-ON). After the end of their final induction or withdrawal period, each group was euthanized, and the brains were processed for histological analysis.

Analysis of pRPS6-positive cells in SNpc neurons ([Figures 1](#fig1){ref-type="fig"}D and [S1](#mmc1){ref-type="supplementary-material"}C) indicated that there was a robust induction of GDNF-F-DD activity in all three induction cycles. In the ON group, there were 147.7 ± 14% pRPS6-positive cells; in the ON-OFF-ON group, there were 152.6 ± 16.4% pRPS6-positive cells; and in the ON-OFF-ON-OFF-ON group, there were 142.4 ± 8.7% pRPS6-positive cells. On the other hand, once TMP was withdrawn, there were only baseline levels of GDNF activity, with 101.8 ± 3.0 and 97.7 ± 5.7% pRPS6-positive cells for the ON-OFF and ON-OFF-ON-OFF groups, respectively. A one-way ANOVA indicated significant differences between groups, F = 5.6, p \< 0.005. Dunnett post hoc analysis using the ON group as control indicated that there was a significant decrease in pRPS6-positive cells when compared to the ON-OFF and ON-OFF-ON-OFF groups. Important, no statistically significant differences were seen when the first induction group was compared with the second and third inductions.

GDNF expression was also analyzed histologically ([Figures 1](#fig1){ref-type="fig"}E and [S1](#mmc1){ref-type="supplementary-material"}D) and quantified by measuring GDNF densitometry as relative to the left intact side. The GDNF in the ON group was increased 5.2 ± 1.2-fold, whereas in the ON-OFF group, it was 1.8 ± 0.3-fold, compared to the contralateral intact side. This difference was maintained in the ON-OFF-ON and ON-OFF-ON-OFF groups, with 5.4 ± 0.4-fold and 1.0 ± 0.4-fold, respectively. Finally, the expression of GDNF was reverted back to 4.3 ± 0.3-fold in the ON-OFF-ON-OFF-ON group. A one-way ANOVA again indicated differences between groups, F = 6.0, p \< 0.003. A Dunnett post hoc analysis using the ON group as control indicated that there was a significant decrease in GDNF-F-DD expression when compared to the ON-OFF and ON-OFF-ON-OFF groups. No statistically significant differences were seen between the ON group, ON-OFF-ON group, and ON-OFF-ON-OFF-ON group.

This set of experiments showed that it took 3 to 4 weeks for GDNF-F-DD to reach maximum activity and only 1 week of TMP withdrawal for the activity of GDNF-F-DD to be completely turned off. The characterization of GDNF-F-DD induction kinetics showed that TMP was able to regulate GDNF-F-DD, maintaining its expression and activity throughout at least 3 full induction cycles.

Assaying GDNF-F-DD Immune Response and Neurotoxicity *In Vivo* {#sec2.3}
--------------------------------------------------------------

The last aspect to consider in an inducible system is the biosafety profile for both the activating molecule and the system itself. While TMP is a very well-characterized and safe drug,[@bib18] the biosafety of the DD system has never been evaluated *in vivo*. Studies using tetracycline inducible systems have shown that potential toxicity arises from an immune response against exogenous proteins from bacterial origin.[@bib19], [@bib20] As the DD system also requires continuous translation of an exogenous bacterial protein, we designed an experiment to comprehensively evaluate long-term expression, immune responses, and potential neurotoxicity of GDNF-F-DD ([Figure 2](#fig2){ref-type="fig"}A).Figure 2Experimental Design and LV Used to Determine Safety of the DD System(A) To determine the safety of DD induction *in vivo*, animals were injected in the striatum with LV expressing MRFP or YFP-DD and LV expressing GDNF-F-DD and MRFP from two separate expression assets (GDNF-F-DD/MRFP). Half of the GDNF-F-DD/MRFP animals were given regular draining water (OFF), and the other half were given TMP (ON). The last group of animals was injected with processed media from cells transduced only with MRFP transfer plasmid (Sham LV). Twelve or 24 weeks after LV delivery, sera were taken for DD/MRFP ELISA, animals were perfused, and their brains were processed for histology. Expression of the system was assayed using immunohistochemistry for DD, GDNF, and MRFP. Toxicity was assessed using immunohistochemistry for NeuN, CD11B, and CD8. (B) Detailed maps of the transfer vectors used for the experiment.

LVs were delivered to the right striatum of SD female rats. The first group (Sham LV) was injected with supernatant from 293T cells transfected with just plasmid expressing monomeric red fluorescent protein (MRFP) ([Figure 2](#fig2){ref-type="fig"}B), concentrated as a standard LV, and because it lacked the LV packaging plasmids, contained no functional LV virions. This control group was to account for any potential local inflammation caused by the LV preparation itself. The second group was transduced with LV expressing MRFP and was used as a reporter gene control. The third group of animals was injected with LV expressing DD-regulated yellow fluorescent protein (YFP-DD) ([Figure 2](#fig2){ref-type="fig"}B) to determine whether DD could cause inflammation and trigger an immune response. The last group of animals was injected with LV expressing GDNF-F-DD and MRFP (GDNF-F-DD/MRFP). The presence of an independent expression cassette was used to ascertain potential neurotoxicity that could cause loss of transduced cells. Half of the GDNF-F-DD/MRFP group was given 0.2 mg/mL TMP in the drinking water (ON) and the other half was given regular drinking water (OFF).

Twelve or 24 weeks after LV delivery, animals were euthanized, and the brains were processed for histology. To evaluate long-term expression, the brains were stained for DD, GDNF, and MRFP. To determine whether there was a humoral immune response, the sera of animals were collected, and an ELISA against DD and MRFP was performed. To determine whether there was neurotoxicity, the brains were stained for the neuronal marker NeuN. Finally, inflammation was assayed using CD11B staining, and local cellular immune response was assayed using CD8 staining.

Expression and Regulation of GDNF-F-DD in the Brain Can Be Maintained over Long Periods {#sec2.4}
---------------------------------------------------------------------------------------

Expression of DD above background could only be detected in the brains from the GDNF-F-DD/MRFP groups ([Figures 3](#fig3){ref-type="fig"}A and [S2](#mmc1){ref-type="supplementary-material"}). Therefore, quantification of DD expression by densitometric analysis of coronal sections was performed in the brains from the GDNF-F-DD/MRFP groups, using the contralateral intact side as control. In the GDNF-F-DD/MRFP OFF group, there was minimal DD detected in the intact striatum, 1.7 ± 0.4-fold and 1.1 ± 0.3-fold for 12 and 24 weeks, respectively. Once GDNF-F-DD stabilization was ON, there was an increase in DD accumulation in the GDNF-F-DD/MRFP animals, as the 12-week animals had 4.7 ± 1.5-fold and the 24-week animals had 3.9 ± 0.9-fold DD expression area. A two-way ANOVA comparing the GDNF-F-DD/MRFP groups indicated only significant differences between the TMP and OFF groups, F = 34.3, p \< 0.0001; whereas no differences between the two time points were observed.Figure 3DD Regulation Can Be Maintained for Long Periods without Loss of Expression or Transduced Cells, and There Is a Transient Humoral Response against DD and MRFP(A) Quantification of DD expression was done by densitometry. A two-way ANOVA was performed. (B) Densitometry analysis of MRFP expression was performed in striatal sections. A one-way ANOVA with Tukey multiple comparison tests was performed. (C) An ELISA to detect DD circulating anti-DD antibodies was performed. (D) An MRFP ELISA to detect anti-MRFP antibodies was performed. (E) Correlation between DD and MRFP antibody titers is indicated. n = 4--5 per group.\*\*p ≤ 0.01; \*\*\*\*p ≤ 0.0001. ND, not determined. Error bars represent mean ± SEM or mean + SEM. See also [Figure S2](#mmc1){ref-type="supplementary-material"}.

GDNF expression ([Figure S2](#mmc1){ref-type="supplementary-material"}) was only found in the GDNF-F-DD/MRFP ON and OFF groups and showed GDNF-F-DD regulation consistent with previous experiments. Expression of MRFP ([Figures 3](#fig3){ref-type="fig"}B and [S2](#mmc1){ref-type="supplementary-material"}) could only be detected in the MRFP and GDNF-F-DD/MRFP groups. As the MRFP expression in the MRFP group covered the whole striatum, quantification of MRFP signal was performed using densitometry relative to the left untransduced striatum in the MRFP and GDNF-F-DD/MRFP groups. As expected, there was high and consistent expression of MRFP in the 12-week (88.6 ± 8.1-fold) and 24-week (78 ± 11.7-fold) MRFP groups. In the GDNF-F-DD/MRFP groups, there was less expression of MRFP when compared to the MRFP groups. In the GDNF-F-DD/MRFP OFF groups, there was 8.3.6 ± 2.1-fold at 12 weeks and 7.2 ± 2.0-fold at 24 weeks. In the GDNF-F-DD/MRFP ON group, there was 13.7 ± 2.4-fold and 17.2 ± 2.7-fold expression of MRFP in the striatum at 12 and 24 weeks, respectively. A one-way ANOVA of MRFP quantifications indicated differences between groups, F = 32.04, p \< 0.0001; and follow-up with Tukey post hoc analysis indicated that there were significant differences in expression between the MRFP groups and GDNF-F-DD/MRFP groups. No differences were detected when the GDNF-F-DD/MRFP groups were compared. The composite expression data of DD, GDNF, and MRFP show that GDNF-F-DD regulation could be maintained in the brain over long periods of time without loss of efficiency.

Simultaneous Expression of MRFP and GDNF-F-DD Resulted in Transient Antibody Responses against DD and MRFP {#sec2.5}
----------------------------------------------------------------------------------------------------------

The sera of the animals were analyzed to determine whether there were circulating antibodies against both DD and MRFP. Briefly, either recombinant DD or MRFP were coated onto 96-well plates, blocked by BSA, and incubated with serial 1:2 (1:2 to 1:4,096) dilutions of the sera from the different animals. The samples were then washed, incubated with anti-rat-HRP (horseradish peroxidase) antibodies, incubated in substrate, and analyzed in a plate reader.

The DD ELISA ([Figure 4](#fig4){ref-type="fig"}C) showed that the Sham LV groups had titers of 64.7 ± 37.4 in the 12-week group and 166.4 ± 87.3 in the 24-week group. Similarly, the MRFP group had 57.6 ± 20.6 and 144.0 ± 92.5 in the 12-week group and 24-week group, respectively. As these groups were not exposed to DD, these titer levels were considered background for the assay conditions of the DD ELISA.Figure 4Mild CD8 Infiltration Observed in Three Animals(A) Quantification of CD8 cells in sections from animals kept for 12 weeks. (B) Quantification of CD8 cells in striatal sections from animals kept for 24 weeks. n = 4--5 per group. Error bars represent mean + SEM.

The YFP-DD groups exhibited DD titers at background level, with antibodies detected at 80 ± 21.5-fold dilutions for 12 weeks and 16.8 ± 4.4 for 24 weeks. The GDNF-F-DD/MRFP OFF group titers were also at background levels: 106.8 ± 40.0 at 12 weeks and 135.5 ± 53.11 at 24 weeks. However, the GDNF-F-DD/MRFP ON 12-week group had 1,216 ± 483.2. This increase in DD titer was due to 2 animals that had discernible antibody response against DD. Interestingly, no antibody response against DD was present in the 24-week GDNF-F-DD/MRFP ON group, as these animals had titers of 83.2 ± 44.5.

We were also able to analyze 3 animals from the ON-OFF-ON-OFF-ON group in the multiple induction experiment, and in these animals, the DD antibody titer was 53.3 ± 10.7, within the range of control animals.

In the MRFP ELISA ([Figure 4](#fig4){ref-type="fig"}D), the Sham LV and YFP-DD groups were used as controls, since these animals were not exposed to MRFP. The Sham LV groups had MRFP titers of 46.4 ± 11.4 at 12 weeks and 54.4 ± 20.0 at 24 weeks. Similarly, the YFP-DD groups had titers of 48 ± 9.2 at 12 weeks and 27.2 ± 10.0 at 24 weeks.

In the MRFP group at 12 weeks, the background titers were 66 ± 24.5. On the other hand, the MRFP titers were 1,152 ± 981.8 in the 24-week MRFP group. This response was caused by one animal that had very high circulating MRFP antibodies. The GDNF-F-DD/MRFP OFF group had 99.2 ± 43.64 at 12 weeks and 116.8 ± 57 at 24 weeks. Similar to the results with the DD ELISA, there was an antibody response against MRFP in the GDNF-F-DD/MRFP ON group at 12 weeks, 1,304 ± 981.8. As with the DD titers, this response was caused by 2 animals that had high MRFP antibody titers. However, this response was not present in the 24-week GDNF-F-DD/MRFP ON group, as these animals had titers of 42 ± 13.6, therefore within background level.

As the 12-week GDNF-F-DD/MRFP ON animals had antibody titers against both DD and MRFP, correlation analysis containing the GDNF-F-DD/MRFP ON and Sham LV groups was performed ([Figure 4](#fig4){ref-type="fig"}E). The analysis indicated a significant correlation (Pearson correlation coefficient = 0.67, p = 0.0016) between the MRFP antibody titers and the DD antibody titers in the GDNF-F-DD/MRFP ON groups.

The ELISA data indicate that expression of MRFP alone or induction GDNF-F-DD/MRFP was sufficient to cause a humoral response. There are two interesting points to consider in the humoral response seen in the GDNF-F-DD/MRFP ON 12-week group. First was that the presence of both GDNF-F-DD and MRFP was required to trigger antibody production. Second was that the response was transient and not seen at the 24-week time point. Importantly, the data also show that induction of DD expression alone was not sufficient to cause a humoral immune response.

No Neurotoxicity Observed after Long-Term Regulation of GDNF-F-DD *In Vivo* {#sec2.6}
---------------------------------------------------------------------------

The last step of the study was to verify whether there was a local cellular inflammation or immune response against the DD that might cause neuronal degeneration. To assess direct neurotoxicity, NeuN-positive neurons in the striatum ([Figure S3](#mmc1){ref-type="supplementary-material"}) were quantified with a counting algorithm using the Fiji software suite. To validate the counting algorithm, manually counted sections were compared to automated counted sections using the Fiji software suite. Comparison of the two groups with a paired t test indicated no differences between manual and automated counting ([Figure S4](#mmc1){ref-type="supplementary-material"}).

NeuN automated quantification suggested no difference between the Sham LV group ([Table 1](#tbl1){ref-type="table"}) and all other groups either at 12 or 24 weeks. Confirmation using a one-way ANOVA followed by Tukey multiple comparison test did not show any significant differences in NeuN neurons of the different groups.Table 1Lack of Neurotoxicity during Long-Term GDNF-F-DD Expression in the BrainNo. of WeeksNeuN Cells (% Left)Sham LVMRFPYFP-DDGDNF-F-DD/MRFPOFFON1296.6 ± 5.095.0 ± 6.094.0 ± 3.689.0 ± 4.598.1 ± 2.52499.0 ± 1.091.7 ± 7.098.6 ± 2.799.5 ± 1.694.0 ± 5.9[^1]

To determine whether there was a local inflammatory response, the brains were stained for CD11B. As CD11B expression increases during inflammation, densitometric analysis was performed in the brain section, and the left, untransduced side was used as internal control for each section. When compared to the Sham LV, none of the other experimental groups showed any difference in number of CD11B signal (data not shown), and stronger CD11B expression was only observed surrounding the needle tracks ([Figure S5](#mmc1){ref-type="supplementary-material"}). These were the animals with highest CD11B densitometry for each of their respective groups.

Cellular immune reaction was measured by performing CD8 staining. Manual counting was done, as there were very few or no CD8-positive cells per brain in most animals. In the 12-week groups ([Figure 4](#fig4){ref-type="fig"}A), Sham LV had 1.8 ± 1.2 CD8 cells in the left striatum and 4.4 ± 2.7 CD8 cells in the right striatum. The MRFP group had 7.4 ± 3.1 CD8 cells in the left striatum and 20 ± 8.0 cells in the right striatum. Similarly, the YFP-DD group had 5.6 ± 2.6 and 5 ± 3.1 CD8 cells in the left and right striata, respectively. In the GDNF-F-DD/MRFP OFF group, only one animal had a detectable number of CD8 cells: 6 in the left hemisphere and 47 in the right hemisphere. In the GDNF-F-DD/MRFP ON group, there were 4.5 ± 1.8 CD8 cells in the left striatum and 73.2 ± 51.7 cells in the right striatum. The high variability in the right hemisphere is due to one animal with CD8 cell infiltration.

In the 24-week group ([Figure 4](#fig4){ref-type="fig"}B), there were 7.4 ± 2.4 and 16.6 ± 5.5 CD8 cells in the left and right striata, respectively. In the MRFP group, the left striatum had 5.4 ± 2.0 CD8 cells, and there were 142 ± 124.6 CD8 cells in the right striatum. Once again, the high variability in this group was due to one animal in which infiltration of CD8 cells was discernible. The YFP-DD group had 4.3 ± 3.2 and 9.7 ± 4.0 CD8 cells in the left and right striata, respectively. The GDNF-F-DD/MRFP OFF group had 11 ± 6 CD8 cells in the left striatum and 66.8 ± 52.1 CD8 cells in the right striatum. As in previous groups, this was due to one animal in which mild CD8 infiltration was detectable. In the GDNF-F-DD/MRFP ON group, the left striatum had 5 ± 2.7 CD8 cells and 16.4 ± 6.1 in the right striatum. Overall, the number of CD8 cells varied from animal to animal, and there appeared to be more CD8-positive cells in the injected striatum throughout the different experimental groups.

Interestingly, 3 animals from different groups exhibited CD8 cell infiltration. These animals also had stronger CD11B expression surrounding the needle track and adjacent brain parenchyma. From these 3 animals, only the animal from the MRFP group had a detectable decrease of 12% in NeuN cells. The common factor between these 3 animals was the expression of MRFP. We could not detect any infiltration in the 24-week GDNF-F-DD/MRFP ON group. Moreover, no CD8 infiltration was observed in the YFP-DD group, indicating that DD alone was not sufficient to elicit any long-term cellular immune response.

Discussion {#sec3}
==========

The aim of this study was to fully characterize the potential and safety of the DD system to regulate transgene levels in the brain. For that purpose, GDNF-F-DD was used as a proof-of-principle protein. We have shown previously that the DD system can regulate GDNF expression to therapeutic levels in the brain and that no secretion of GDNF-F-DD or activation of pRPS6 in SNpc was seen when the system was not activated.[@bib10]

Our present work shows that GDNF-F-DD could be regulated by TMP in a dose-response manner, and at a dosage of 0.2 mg/mL, GDNF-F-DD was induced 20-fold from baseline. There was, however, a significant difference between constitutive GDNF and stabilized GDNF-F-DD levels *in vivo*. We and others[@bib9], [@bib10], [@bib21] have observed such differences when comparing constitutively expressed transgenes and DD-regulated transgenes. This difference seems to be due to TMP dosage, as increasing TMP levels beyond the maximum therapeutic dosage in humans will lead to a proportional increase of DD-regulated transgene to levels similar to that of constitutive transgene expression.[@bib9], [@bib10], [@bib21] Therefore, we hypothesize that the dosage of TMP we have used, corresponding to therapeutic TMP levels used in the clinic, is not sufficient to stabilize all the GDNF-F-DD protein being produced, resulting in lower levels of GDNF-F-DD.

We observed that, while the maximum levels of stabilized GDNF-F-DD were roughly half of what we have previously observed *in vivo*,[@bib10] constitutive GDNF levels were much greater that we previously reported. Based on our experience, these differences can be explained by three factors. First, we have observed that, despite similar *in vitro* functional titers, different viral batches can lead to different levels of *in vivo* transgene expression (unpublished data). Second, the coordinates and volumes of viral vector injected differ between our previous[@bib10] and current experiments. Third, animals used were from a different breeding colony, and the dissections were performed by different personnel. Together, all these factors can lead to the differences between our previous and current results. Importantly, the levels of GDNF activation of SNpc are similar between studies.[@bib10]

There was a certain degree of variability of pRPS6 cells in SN between individual animals and groups of animals. Although variation of pRPS6 is to be expected, as this protein is dependent on several signaling pathways and is a marker for neuronal activation,[@bib22] in our experience, the variability observed was most likely due to antibody batch variation.[@bib23] Despite this, our histology and results are in line with published literature using pRPS6 as a marker for activity in the brain.[@bib16], [@bib17], [@bib24], [@bib25]

Characterization of the kinetics of GDNF-F-DD activation and deactivation indicated that it took up to 4 weeks of GDNF-F-DD to reach maximum levels and 1 week to revert to basal levels. It was also possible to induce GDNF-F-DD stabilization multiple times without loss of activity or expression. Finally, inert GDNF-F-DD regulation could be maintained for over 24 weeks *in vivo*.

Several patients have developed neutralizing antibodies against recombinant GDNF in clinical trials.[@bib26], [@bib27], [@bib28] The humoral response may have been caused by the high amount of GDNF being infused and the bioengineering done to produce the protein in bacteria. Nevertheless, no overt toxicity was observed, and the presence of antibodies did not interfere with the clinical benefit observed.[@bib27] Therefore, we decided to focus on the possible immune response caused by the DD component, using MRFP as a reporter gene control. A transient humoral immune response was seen in a few animals of the MRFP and GDNF-F-DD/MRFP ON groups. In these animals, MRFP was expressed alone or in conjunction with GDNF-F-DD. The transient DD antibody response observed in the subset of animals of the GDNF-F-DD/MRFP group was only seen when GDNF-F-DD and MRFP were co-expressed. Moreover, these animals showed a positive correlation between DD and MRFP antibody titers. Several studies in the literature have shown similar humoral immune responses when using LV,[@bib29], [@bib30], [@bib31], [@bib32] suggesting that the transient response may have been due to LV virion components, preparation, or vector design.[@bib30]

Proteasomal degradation of translated proteins is a key step for intracellular antigen presentation to T cells.[@bib33] As DD is regulated through proteasomal degradation, we postulated that, if there was a concerted immune response against DD, it would be through a T cell-dependent mechanism in the OFF groups. Histological analysis showed CD8 cell infiltration in the brain parenchyma in a subset of animals. Similar levels of CD8 cell infiltration have been observed when viral vectors are delivered to the brain,[@bib31], [@bib32], [@bib34], [@bib35], [@bib36], [@bib37] indicating that the CD8 infiltration was not due to the specific presence of DD.

CD11B expression was elevated surrounding the needle tract in all groups. This is a common finding when injecting viral vectors into the brain and is due to the stereotactic surgery itself.[@bib31], [@bib32], [@bib36], [@bib38], [@bib39] In accordance to published studies, the observed local inflammatory and immune responses were asymptomatic, not causing neurotoxicity or loss of transgene expression. Given the variability of immune responses, it could be due to surgical procedures, especially when considering that most of the local immune response and inflammation were contiguous to the injection area.

In addition to the lack of direct neurotoxicity, expression of DD alone neither elicited a humoral response nor caused a significant T cell infiltration or local inflammation beyond the control groups. This is in line with what has been reported in the literature when using viral vector transduction in the brain.[@bib31], [@bib36], [@bib37], [@bib38], [@bib39] These data suggest that DD has low immunogenicity when expressed in the brain.

Whenever there is an immune response against the inducible system itself, there is loss of transduced cells with concomitant loss of transgene expression,[@bib40] and the inducible system loses its ability to regulate transgene expression.[@bib41] No such loss of regulation, transgene levels, transduced cells, or inducibility was observed, as GDNF-F-DD was able to maintain long-term regulation over 24 weeks.

It will be very interesting to determine whether DD can regulate transgene expression in other organs and also whether DD can maintain the same level of safety when regulating transgene expression in more clinically relevant animal models. The preclinical characterization of DD system indicates that it has all the key features[@bib8] to potentially regulate gene expression in a clinical setting.

Materials and Methods {#sec4}
=====================

Plasmids and Cloning {#sec4.1}
--------------------

The plasmid pHR-CMV-GDNF,[@bib42] enabling constitutive GDNF expression, and the plasmid expressing GDNF-F-DD alone (pHG-CMV-GDNF-F-DD) have been described in detail previously.[@bib10] Gateway technology (Life Technologies Europe, Stockholm, Sweden) was used to clone most of the LVs. To clone the transfer vector expressing MRFP (pHG-EF1a-MRFP), an LR reaction containing an entry plasmid with the human elongation factor 1-alpha (pP4P1-EF1α), p221-MRFP,[@bib43] and the destination vector pHG[@bib10] was performed according to the manufacturer's instructions. To clone pHG-CMV-YFP-DD, an LR reaction containing entry plasmid with human cytomegalovirus enhancer/promoter (pP4P1-CMV), entry plasmid with YFP-DD (p221-YFP-DD),[@bib9], [@bib10] and the destination vector pHG was performed according to the manufacturer's instructions. The pCM destination vector was cloned using standard cloning by using the restriction sites Age1 and Kpn1 to insert a DNA fragment containing the human phosphoglycerate kinase promoter driving MRFP expression (PGK-MRFP) into the pHG destination backbone. The PGK-MRFP fragment was amplified by PCR using 10 μM FP-Age1-PGK (5′-CTTATACCGGTCCACGGGGTTGGGGTTG-3′) and 10 μM RP-Kpn1-MRFP (5′-TTCAGGTACCTCAGTACTTGTACAGGGCGC-3′) using the AccuPrime Taq DNA Polymerase System (Life Technologies Europe, Stockholm, Sweden), with pGEM-PGK-MRFP used as a template and according to the manufacturer's instructions in a 20-μL reaction. The cycling conditions were 95°C for 3 min for initial denaturation, followed by 40 cycles of 95°C for 15 s, 58°C for 30 s, and 68°C for 90 s. The final extension conditions were 68°C for 10 min. The cloning was performed using standard cloning techniques, and the restriction enzymes were purchased from New England Biolabs (New England Biolabs, Ipswich, MA, USA). To clone the lentiviral transfer vector expressing GDNF-F-DD and MRFP (pCM-EF1 α-GDNF-F-DD), an LR reaction containing pP4P1-EF1α, p221-GDNF-F-DD,[@bib10] and destination plasmid pCM was performed according to the manufacturer's instructions.

Cell Culture {#sec4.2}
------------

Standard cell culture conditions have been described in detail elsewhere.[@bib10]

LV Production {#sec4.3}
-------------

LV production[@bib42], [@bib44] and titration[@bib10] have been described in detail elsewhere. The LV used for the experiments had the functional titers of 1 × 10^9^ transducing units per milliliter.

Animals {#sec4.4}
-------

All animals were housed and handled according to European and Swedish laws. All procedures have been approved and performed according to the guidelines established by the Ethical Committee for Use of Laboratory Animals at Lund University under the permits M09-10 and M366-12. A total of 95 Female SD rats (Charles River Laboratories, Sulzfeld, Germany) weighing 225--250 g were used for the experiments.

Stereotactic Surgeries {#sec4.5}
----------------------

The aesthetic solutions and general surgical procedures have been described elsewhere.[@bib42] Bilateral injections with triple-injection sites were performed in the following coordinates from bregma. Coordinates for the right hemisphere were: (1) anterioposterior (AP), +1.4 mm; mediolateral (ML), −2.6 mm; and dorsoventral (DV), −5/−4 mm; (2) AP, +0.4 mm; ML, −3.8 mm; and DV, −5/−4 mm; and (3) AP, −0.8 mm; ML, −4.4 mm; and DV −5/−4 mm. Coordinates for the left hemisphere were: (1) AP, +1.4 mm; ML, +2.6 mm; and DV, −5/−4 mm; (2) AP, +0.4 mm; ML, +3.8 mm; and DV, −5/−4 mm; and (3) AP, −0.8 mm; ML, +4.4 mm; and DV, −5/−4 mm. Tooth bar was set at 0, and a total of 6 μL LV suspension (1 μL/DV coordinate) was delivered per hemisphere at the speed of 0.4 μL/min. Unilateral injection coordinates were the same as described earlier for the triple-injection protocol for the right hemisphere.[@bib10] A glass capillary was attached to the needle of a 5-μL Hamilton syringe (Hamilton Bonaduz, Bonaduz, Switzerland) to minimize tissue damage in all surgeries.

TMP Treatments {#sec4.6}
--------------

TMP (TMP oral suspension, 10 mg/mL; Meda, Solna, Sweden) was diluted in water to a concentration of 0.05, 0.1, 0.2, or 0.5 mg/mL and given to the animals in their drinking water continuously for the time periods required for the different experiments and groups.

GDNF ELISA {#sec4.7}
----------

Striatal samples were dissected as described previously[@bib10] and diluted in lysis buffer.[@bib42] The GDNF ELISA (GDNF Emax ImmunoAssay, Promega Biotech, Nacka, Sweden) was performed according to the manufacturer's instructions.

Immunohistochemistry {#sec4.8}
--------------------

The animals were perfused and processed for histological analysis as described previously.[@bib9] Immunohistochemistry was performed as described previously.[@bib10] The following primary antibodies were used: rabbit anti-pRPS6 (\#2211, 1:400, Cell Signaling Technology, Danvers, MA, USA), goat anti-human GDNF (AF-212-NA, 1:1,000, R&D Systems Europe), rabbit anti-DHFR DD (1:20,000, a kind gift from the Wandless lab that has been used previously[@bib21]), mouse anti-RFP (ab65856, 1:1,000, Abcam, Cambridge, UK), mouse anti-NeuN (MAB377, 1:1,000, Merck Millipore, Darmstadt, Germany), rat anti-CD11B (MCA275R, 1:1,000, Bio-Rad Laboratories, Solna, Sweden), and mouse anti-CD8 alpha (ab33786, 1:1,000, Abcam, Cambridge, UK). The secondary antibodies used were as follows: biotinylated horse anti-mouse (BA2001, 1:200, Vector Laboratories, Peterborough, UK), biotinylated horse anti-goat (BA9500, 1:200, Vector Labs), and biotinylated goat anti-rabbit-biotin (BA1000, 1:200, Vector Labs).

Quantification of pRPS6 Cells {#sec4.9}
-----------------------------

Three coronal sections were used to quantify pRPS6-positive SNpc neurons: the first coronal section containing the medial lemniscus separating the ventral tegmental area from the SNpc (approximately −5 mm relative to bregma), the adjacent cranial section, and the adjacent caudal section. Data were presented as a percentage of neurons relative to the left intact side.

DD and MRFP ELISA {#sec4.10}
-----------------

Sera from animals were harvested at the time of cardial perfusion directly from the heart. Briefly, 1.5 mL blood was harvested with a 17G needle fitted onto a 5-mL syringe and then placed in a microcentrifuge tube. After the blood had coagulated, the samples were centrifuged at 2,000 × *g* for 10 min. The sera were then carefully pipetted onto a new microcentrifuge tube, aliquoted, and stored at −20°C. DD (endotoxin free, custom-order DHFR-DD, GenScript, Piscataway, NJ, USA) or MRFP (\#632503, Clontech Laboratories, Mountain View, CA, USA) was diluted to a concentration of 1 μg/mL in carbonate buffer (0.1 M carbonate buffer; pH 9.6). Then, 50 μL per well of either DD or MRFP solution was added onto a Nunc-Immuno 96-well plate (Thermo Fisher Scientific, Göteborg, Sweden), sealed, and incubated overnight at 4°C. On the following day, the wells were washed 4 times with 200 μL washing buffer (0.05% Tween 20 in Dulbecco's PBS \[DPBS\]) and blocked with 200 μL blocking buffer (1% goat serum in DPBS) for 2 hr at room temperature. Afterward, blocking buffer was removed, and 100 μL blocking buffer was added to the second column onward. We added two hundred micrometers of serum from each animal on the first column of each row, and a 1:12 dilution series was performed. The samples were incubated at room temperature for 2 hr. The wells were washed 4 times with 200 μL washing buffer. The last washing buffer was removed, and 100 μL ABTS (Sigma-Aldrich Sweden, Stockholm, Sweden) was added. After 5 min of incubation, the samples were placed in a plate reader, and the absorbance at 650 nm was measured.

Quantification of NeuN and CD8 Cells {#sec4.11}
------------------------------------

Quantification of NeuN and CD8 cell numbers was done using three coronal sections spanning the striatum (approximately 2.28 mm, 1.08 mm, and −0.24 mm relative to bregma). In the first section, three dorsal adjacent fields of the middle portion of the striatum were taken for each hemisphere. In the second and third sections, two adjacent dorsal fields were taken, and two adjacent ventral fields were taken in the middle portion of the striatum. The gray 8-bit images were taken using a 20× objective. The CD8 cells were quantified manually in the Fiji software suite.[@bib45] The NeuN cells were batch-quantified in the FIJI software suite using the following Java algorithm: run("Subtract Background\...," "rolling=50 light sliding"); run("Normalize Local Contrast," "block*radius*x=40 block*radius*y=40 standard*deviations=3 center stretch"); setAutoThreshold("Default"); //run("Threshold\...");* //setThreshold(0, 110); setOption("BlackBackground," false); run("Convert to Mask"); run("Watershed"); run("Analyze Particles\...," "size=300-Infinity circularity=0.3-1.00 display exclude clear summarize add").

Densitometry {#sec4.12}
------------

Densitometry for GDNF, DD, CD11B, and MRFP signals was measured using three coronal sections spanning the striatum (approximately 2.28 mm, 1.08 mm, and −0.24 mm relative to bregma). The 8-bit gray images were obtained using an image scanner and processed using the Fiji software suite. After inverting the images, pixel densities of GDNF, DD, and MRFP sections were corrected for nonspecific background. Background was not subtracted in CD11B-stained sections, as there are CD11B cells in both sides of the brain. Data for GDNF, DD, and MRFP were expressed as relative of the intact contralateral side. Data for CD11B were expressed as percentage of the intact contralateral side.

Statistical Analysis {#sec4.13}
--------------------

Statistical analysis was performed using GraphPad Prism 7 (GraphPad Software, La Jolla, CA, USA). Numbers described in the [Results](#sec2){ref-type="sec"} section and [Table 1](#tbl1){ref-type="table"} indicate mean ± SEM. Histograms display mean ± SEM. Symbol charts display mean ± SEM. In [Figure 2](#fig2){ref-type="fig"}A, the dotted red line was created using non-linear curve fitting. Scatter-dot plots contain individual data points and the median with interquartile range. When a one-way ANOVA was performed, post hoc analysis was done using Dunnett or Tukey multiple comparison tests. Two-way ANOVA was performed in the data displayed in [Figure 4](#fig4){ref-type="fig"}B.
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[^1]: Quantification is of striatal sections stained for the neuronal marker NeuN.
